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Electro-optical modulators, which use an electric voltage (or an electric field) to modulate a beam
of light, are essential elements in present-day telecommunication devices. Using a self-consistent
tight-binding approach combined with the standard Kubo formula, we show that the optical con-
ductivity and the linear dichroism of few-layer phosphorene can be modulated by a perpendicular
electric field. We find that the field-induced charge screening plays a significant role in modulating
the optical conductivity and the linear dichroism. Distinct absorption peaks are induced in the
conductivity spectrum due to the strong quantum confinement along the out-of-plane direction and
to the field-induced forbidden-to-allowed transitions. The field modulation of the linear dichroism
becomes more pronounced with increasing number of phosphorene layers. We also show that the
Faraday rotation is present in few-layer phosphorene even in the absence of an external magnetic
field. This optical Hall effect is induced by the reduced lattice symmetry of few-layer phosphorene.
The Faraday rotation is greatly influenced by the field-induced charge screening and is strongly
dependent on the strength of perpendicular electric field and on the number of phosphorene layers.
PACS numbers:
I. INTRODUCTION
Electro-optical modulators use an electric voltage (or
an electric field) to modulate a beam of light. The mod-
ulation may be imposed on the phase, frequency, am-
plitude, or polarization of the light beam. The opera-
tion principle is based on the Franz-Keldysh effect [1]
where the band-gap energy and the optical absorption
of a bulk material can be changed by an applied elec-
tric field. In a quantum-well configuration, the energy
of the quantized subbands can also be changed by an
external electric field allowing the modulation of the ab-
sorption spectrum at the different onset energies of the
subbands. Anisotropic materials (such as wurtzite semi-
conductors) exhibit optical dichroism [2] in which light
having different polarizations are absorbed by different
amounts. Here we show that in few-layer phosphorene
a perpendicular electric field can modulate the optical
conductivity and the linear dichroism, which makes it a
promising new material for optoelectronic applications in
e.g. electro-optical modulators.
Since its first isolation in 2014 [3], phosphorene, a sin-
gle layer of black phosphorus (BP), has drawn a lot of
attention from the research community due to its ex-
traordinary properties [4, 5]. This new two-dimensional
(2D) material features a direct band gap combined with
a high carrier mobility [4, 5], which is crucial for practical
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applications in e.g. field-effect transistors. Another strik-
ing feature is that due to the puckered lattice structure
phosphorene exhibits strongly anisotropic electronic, op-
tical, transport, and plasmonic properties such as strong
anisotropy in the energy spectrum, effective mass, optical
absorption, electrical mobility, and plasmonic excitation
[6–10].
Multilayer phosphorene is composed of two or more
phosphorene monolayers that are stacked and coupled via
the van der Waals interaction. The band gap, which re-
mains direct in multilayer phosphorene, decreases mono-
tonically with increasing number of stacking layers (from
∼ 2 eV for monolayer down to ∼ 0.3 eV in the bulk limit)
[6, 7]. It was predicted that by applying a perpendicu-
lar electric field, the band gap of multilayer phosphorene
can be closed and as a result, a phase transition from a
normal semiconductor to a Dirac semimetal can be in-
duced in multilayer phosphorene [11–14], leading to the
appearance of a linear energy spectrum and a zeroth Lan-
dau level [13, 14].
Most recently, we showed [15] that by applying a per-
pendicular electric field, both intralayer and interlayer
charge screening can be induced in multilayer phospho-
rene and the field-induced charge screening plays a sig-
nificant role in tuning the electronic properties of mul-
tilayer phosphorene. We found [15] that it was essen-
tial to include the field-induced charge screening in or-
der to achieve good agreement between theory and ex-
periment for the electric-field tuning of the band gap of
multilayer phosphorene. Such electric-field tuning of the
electronic properties will result in a modification of the
optical properties. The optical properties of multilayer
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2phosphorene were theoretically investigated by means of
the effective k · p approach [16, 17], where the depen-
dence of the optical conductivity on the layer thickness,
the carrier doping, and on the magnetic field were ob-
tained. However, this continuum approach is no longer
applicable for multilayer phosphorene with fewer stacking
layers where the distinct atomic nature of layered struc-
ture becomes important. Furthermore, the field-induced
charge screening that was shown to be important in few-
layer phosphorene (e.g., in bilayer and trilayer phospho-
rene) [15] was also not included in those studies [16, 17].
Recent experiments reported electrically tunable linear
dichroism in few-layer phosphorene [18, 19], where the
active modulation of the linear dichroism by an exter-
nal gate voltage was measured from the infrared to the
visible frequency range.
In the present work, we investigate theoretically the
modulation of the optical properties of few-layer phos-
phorene by a perpendicular electric field. We use a
self-consistent tight-binding (TB) approach, which takes
account of the field-induced charge screening, to calcu-
late the energy spectrum and the wave function of few-
layer phosphorene. Based on the self-consistent TB re-
sults, we use the Kubo formula to calculate the inter-
band optical conductivity of few-layer phosphorene over
a wide range of photon energies covering the infrared-
to-visible frequency range. We show that the interband
optical conductivity in the infrared-to-visible frequency
range is strongly dependent on the perpendicular electric
field and is greatly influenced by the field-induced charge
screening. Particular attention is paid to the electric-
field modulation of the linear dichroism and the Fara-
day rotation in few-layer phosphorene. We find that the
linear dichroism and the Faraday rotation in few-layer
phosphorene can strongly be modulated by the perpen-
dicular electric field, and that the field-induced charge
screening plays a significant role in the modulation. Our
theoretical study is relevant for electrically tunable linear
dichroism and Faraday rotation in few-layer phosphorene
in the infrared-to-visible frequency range.
II. THEORETICAL APPROACH
We consider undoped AB-stacked few-layer phospho-
rene in the presence of a perpendicular electric field F0,
as shown in Fig. 1. The perpendiducular electric field
can be produced by applying external gate voltages as
realized in recent experiments [18, 19]. From density-
functional theory (DFT) calculations [20, 21], we know
that this type of layer stacking is energetically the most
stable for few-layer phosphorene.
The TB Hamiltonian for pristine few-layer phospho-
rene is given by [21]
H =
∑
i
εic
†
i ci +
∑
i 6=j
t
‖
ijc
†
i cj +
∑
i6=j
t⊥ijc
†
i cj , (1)
where the summation runs over all lattice sites, εi is the
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FIG. 1: (a) and (b) Sketch of bilayer phosphorene in the
presence of a perpendicular electric field F0, which can be
produced by applying external (top and bottom) gate volt-
ages (Vt and Vb). A, B, C, and D represent the four different
sublattices in the unit cell of phosphorene. Because phospho-
rene has a puckered lattice structure, there are four atomic
sublayers in bilayer phosphorene. Due to the field-induced
charge screening, the applied electric field F0 is no longer
uniform across the structure, which turns into the screened
electric fields Fj (j = 1, 2, 3) formed between the four atomic
sublayers.
on-site energy at site i, t
‖
ij (t
⊥
ij) is the intralayer (inter-
layer) hopping energy between sites i and j, and c†i (cj)
is the creation (annihilation) operator of an electron at
site i (j). For simplicity, the on-site energy εi is set to
zero for all the lattice sites. The Hamiltonian (1) is con-
structed on the basis of the pz orbital of the phosphorus
atom. It was shown in Ref. [21] that (i) the pz orbital
has a predominant contribution to the band structure of
few-layer phosphorene in the low-energy region and (ii)
with ten intralayer and five interlayer hopping parame-
ters, this TB Hamiltonian can reproduce the band struc-
ture of few-layer phosphorene in the low-energy region as
obtained by DFT-GW calculations. The ten intralayer
hopping parameters (in units of eV) are t
‖
1 = −1.486,
t
‖
2 = +3.729, t
‖
3 = −0.252, t‖4 = −0.071, t‖5 = +0.019,
t
‖
6 = +0.186, t
‖
7 = −0.063, t‖8 = +0.101, t‖9 = −0.042,
t
‖
10 = +0.073, and the five interlayer hopping parame-
ters (in units of eV) are t⊥1 = +0.524, t
⊥
2 = +0.180,
t⊥3 = −0.123, t⊥4 = −0.168, t⊥5 = +0.005 [21]. These
hopping parameters were illustrated in Figs. 1(c) and
1(d) of Ref. [15].
The effect of a perpendicular electric field is included
into the TB Hamiltonian (1) by introducing an electro-
static potential to the on-site term, i.e., εi → εi+Ui, with
Ui the electrostatic potential energy at site i, which is
sublayer-dependent in few-layer phosphorene (i.e., Ui =
Ul for all sites i in the sublayer l). It is known that apply-
ing an external electric field perpendicular to a few-layer
system induces a charge redistribution over the stack-
ing layers, which produces an internal electric field that
counteracts the externally applied one (i.e., the electric-
field-induced charge screening). As a consequence, the
screened electric field across the few-layer structure is
3no longer uniform as the externally applied one and the
magnitude of the screened electric field depends on the
charge densities on the individual stacking layers. In or-
der to take account of the field-induced charge screening
in few-layer phosphorene, a self-consistent tight-binding
approach can be employed and the electrostatic potential
energy can be obtained within a self-consistent Hartree
approximation. The details of how to obtain the self-
consistent electrostatic potential energy were given in our
previous work [15]. In the absence of the field-induced
charge screening, the electrostatic potential energy can
be modeled as a linear potential energy on the sublayer,
i.e., Ui = Ul = eF0zl, with zl the sublayer position along
the z direction.
By diagonalizing the TB Hamiltonian (1) without
(with) considering the field-induced charge screening in
momentum space, we obtain the energy spectrum and
the wave function of the unscreened (screened) electronic
states in few-layer phosphorene subjected to a perpen-
dicular electric field. Once the energy spectrum and the
wave function are obtained, the optical conductivity ten-
sor of few-layer phosphorene can be readily calculated by
using the standard Kubo formula [16], which is given by
σαβ(ω) =
gse
2~
4pi2i
∑
m,n
∫
dk
f [Em(k)]− f [En(k)]
Em(k)− En(k)
× 〈Ψm(k)|vα |Ψn(k)〉 〈Ψn(k)|vβ |Ψm(k)〉
Em(k)− En(k) + ~ω + iη , (2)
where α, β = x, y are the tensor indices, ω is the optical
frequency, gs = 2 is the spin-degeneracy factor, m,n are
the band indices, k = (kx, ky) is the 2D wave vector, f(E)
is the Fermi-Dirac function, Em,n(k) are the band ener-
gies, Ψm,n(k) are the wave functions, vα,β are the α and
β components of the velocity operator v = ~−1∂H/∂k,
and η is a finite broadening. There are four components
in the optical conductivity tensor (2): σxx and σyy for
the longitudinal optical conductivities and σxy and σyx
for the transverse optical conductivities (i.e., the optical
Hall conductivities). For the longitudinal components we
have σxx = σyy (σxx 6= σyy) for an isotropic (anisotropic)
system. When calculating the optical conductivity ten-
sor Eq. (2), we take the broadening η = 10 meV and the
temperature T = 300 K. The real parts of the longitu-
dinal and transverse optical conductivities are related to
the optical absorption effect and optical Hall effect (e.g.,
Faraday rotation), respectively.
III. BAND STRUCTURE
The self-consistent TB calculations of the band struc-
ture of few-layer phosphorene in the presence of a per-
pendicular electric field are performed by taking account
of the field-induced charge screening, which was shown
to be of significant importance in biased few-layer phos-
phorene [15].
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FIG. 2: Band structure (a) and band gap (b) of bilayer phos-
phorene in the absence/presence of a perpendicular electric
field and without/with the field-induced charge screening.
The labels CB1 and CB2 (VB1 and VB2) denote the 1th
and 2nd conduction (valence) bands, respectively. The inset
shown in (b) plots the screened electric fields as a function
of the applied electric field. Here F0 is the strength of the
applied electric field and F1, F2, F3 are the strengths of the
screened electric fields [see Fig. 1(b)].
In Fig. 2, we show the band structure and the band
gap of bilayer phosphorene in the absence/presence of a
perpendicular electric field and without/with the field-
induced charge screening: (a) for the band structure and
(b) for the band gap. In Fig. 2(a), Γ = (0, 0) is the
center of the Brillouin zone (BZ), and X = (pi/a, 0) and
Y = (0, pi/b) are the two high-symmetry points in the
BZ, with a = 4.43 A˚ and b = 3.37 A˚ being the side
lengths of the rectangle unit cell of phosphorene. As can
be seen, in the absence of the field-induced charge screen-
ing, the bilayer band structure is significantly changed
by the applied electric field: the conduction bands (CBs)
and the valence bands (VBs) are significantly shifted in
energy due to the stark effect. Here the labels CB1 and
CB2 (VB1 and VB2) in the band structure indicate the
1st and 2nd CBs (VBs), respectively. The field-induced
change of the band structure in bilayer phosphorene is
mainly due to the interlayer interaction and its compe-
tition with the electrostatic potential. Additionally, for
bilayer phosphorene there is a crossing between the two
VBs in the zero-field case, which is removed by the elec-
tric field. This is because the electric field breaks the in-
version (layer) symmetry of bilayer phosphorene, which
results in the interaction of the two VBs and thus the
removal of their crossing. When the field-induced charge
screening is taken into account, the bilayer band struc-
ture is further changed, as shown in Fig. 2(a): the CBs
and the VBs are further shifted in energy due to the
4screening effect. We also find that the electric-field tun-
ing of the band gap of bilayer phosphorene is distinctively
different in the presence and absence of the field-induced
charge screening. As can be seen in Fig. 2(b), the un-
screened band gap of bilayer phosphorene decreases dra-
matically with increasing electric-field strength, whear-
eas the magnitude of this band-gap decrease is signifi-
cantly reduced in the presence of the field-induced charge
screening. This is not surprising because the screened
electric fields (F1, F2, and F3) have a smaller strength
than the externally applied one (F0), as shown in the
inset of Fig. 2(b).
IV. LINEAR DICHROISM
Because we consider undoped few-layer phosphorene in
the presence of a perpendicular electric field, there are no
excess charge carriers (electrons and holes) in the system
and so the Fermi energy of the system is located within
the band-gap region of the system [15]. In this situation,
when the system is excited by polarized light, only in-
terband transitions from the occupied valence bands to
the unoccupied conduction bands contribute to the opti-
cal conductivity of the system. For this reason, we only
calculate the interband optical conductivity of undoped
few-layer phosphorene in the presence of a perpendicular
electric field. In order to investigate the linear dichroism
of few-layer phosphorene, the interband optical conduc-
tivities for x and y polarizations (the longitudinal com-
ponents) are calculated.
We also calculate the band structures and the band
gaps of monolayer and trilayer phosphorene in the pres-
ence of a perpendicular electric field. When compared
to the band structure and the band gap of bilayer phos-
phorene, we find that those of monolayer (trilayer) phos-
phorene are less (more) affected by the applied electric
field and the field-induced charge screening, such as the
smaller (larger) stark shift of the band gap. This is be-
cause there are both intralayer and interlayer electronic
interactions and charge screenings in multilayer phospho-
rene whereas only intralayer ones are present in mono-
layer phosphorene [15]. Our numerical calculations also
indicated that with increasing number of stacking lay-
ers, the applied electric field and the field-induced charge
screening have a more pronounced effect on the band
structure and the band gap [15].
In Fig. 3, we show the real-part interband optical con-
ductivities Reσxx and Reσyy of bilayer phosphorene in
the absence/presence of a perpendicular electric field and
without/with the field-induced charge screening. Here,
we use the index pair (m,n) to denote the interband tran-
sition from the mth VB to the nth CB. As can be seen
in Fig. 3, distinct absorption peaks appear in Reσxx
due to the strong quantum confinement along the out-
of-plane direction (i.e., along the z direction). This con-
finement leads to the formation of quantized subbands
along the z direction. The number of discrete subbands
(1, 1)
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(2, 2)(1, 1)
(2, 2)
(1, 1)
(1, 2)
(2, 1)
(2, 2)
5×
5×
FIG. 3: Real parts of the interband optical conductivi-
ties Reσxx and Reσyy of bilayer phosphorene in the ab-
sence/presence of a perpendicular electric field and with-
out/with the field-induced charge screening. The values of
Reσyy are enlarged with a factor of 5 to make the curves more
visible. Here σ0 = e
2/(4~) is the universal optical conductiv-
ity of graphene and (m,n) indicates the interband transition
from the mth VB to the nth CB.
(NS) depends on the number of stacking layers (NL) as
NS = 4NL. In the absence of the electric field, there are
only two absorption peaks in Reσxx, which are associated
with the interband transitions (1, 1) and (2, 2); whereas
in the presence of the electric field, two more absorption
peaks are induced in Reσxx, which correspond to the in-
terband transitions (1, 2) and (2, 1). However, when the
field-induced charge screening is taken into account, the
magnitudes of these two extra absorption peaks are re-
duced. In addition, the cut-off absorption of Reσxx is
shifted to the lower photon energy (i.e., red-shifted) by
the electric field.
In order to understand the appearance of the two ex-
tra absorption peaks in Reσxx induced by the perpen-
dicular electric field and the reduction of their magni-
tudes induced by the field-induced charge screening, we
need to look into the interband momentum matrix el-
ement for the x polarization, defined as |Mxxmn(k)|2 =
| 〈Ψm(k)| ∂H/∂kx |Ψn(k)〉 |2, in the absence/presence of
a perpendicular electric field and without/with the field-
induced charge screening. The results of |Mxxmn|2 for the
interband transitions (1, 1), (2, 2), (1, 2) and (2, 1) are
shown in Fig. 4(a) for the absence/presence of a perpen-
dicular electric field and without/with the field-induced
charge screening. It is clear that |Mxx12 |2 and |Mxx21 |2
are vanishing in the absence of the electric field whereas
they become finite in the presence of the electric field,
and their magnitudes are reduced by the field-induced
screening. Therefore, we can establish the following op-
5(a) (b)
FIG. 4: Interband momentum matrix elements |Mxxmn|2 (a) and |Myymn|2 (b) in the absence/presence of a perpendicular electric
field and without/with the field-induced charge screening. The top, middle, and bottom panels in both (a) and (b) show the
results for the cases of F0 = 0 V/nm, F0 = 1 V/nm without screening, and F0 = 1 V/nm with screening, respectively.
tical selection rules in bilayer phosphorene: (i) The in-
terband transitions (1, 1) and (2, 2) are optically allowed
in both the absence and presence of a perpendicular elec-
tric field; (ii) The interband transitions (1, 2) and (2, 1)
are optically forbidden in the absence of a perpendicu-
lar electric field but they become optically allowed in the
presence of a perpendicular electric field. Fundamentally,
these optical selection rules are closely related to the par-
ities (symmetries) of the electron (hole) wave functions
in the conduction (valence) bands. As is known, the ap-
plied electric field breaks the inversion symmetry of bi-
layer phosphorene with respect to the z = 0 plane, and
consequently, the parities of the electron and hole wave
functions along the z direction are changed, which re-
sults in different overlaps of the electron and hole wave
functions and so different magnitudes of the momentum
matrix elements between them. One can understand this
field-induced change of the wave-function parity (or sym-
metry) in a phosphorene bilayer in a similar way as that
in a quantum well with an external electric field applied
along the growth direction, where the electron and hole
wave functions change from the Cosine/Sine-like func-
tions with even/odd parities to the Airy-like functions
with no parities [22].
More interestingly, we observe in Fig. 3 that there is
a significant difference between Reσxx and Reσyy, i.e.,
the real part of the interband optical conductivity ex-
hibits a significant linear dichroism. As mentioned above,
Reσxx has distinct absorption peaks, which is strongly af-
fected by the perpendicular electric field and is greatly
influenced by the field-induced charge screening. How-
ever, there are no distinct absorption peaks in Reσyy
and so it is featureless. Moreover, it is almost unaf-
fected by the applied electric field and the field-induced
charge screening. In order to understand the absorp-
tion features of Reσyy, we need to look into the inter-
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(1, 3)
(3, 1) (2, 3)
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FIG. 5: Real parts of the interband optical conductivi-
ties Reσxx and Reσyy of trilayer phosphorene in the ab-
sence/presence of a perpendicular electric field and with-
out/with the field-induced charge screening. The values of
Reσyy are enlarged by a factor of 5 to make the curves more
visible.
band momentum matrix element for the y polarization,
defined as |Myymn(k)|2 = | 〈Ψm(k)| ∂H/∂ky |Ψn(k)〉 |2, in
the absence/presence of a perpendicular electric field and
without/with the field-induced charge screening. The re-
sults of |Myymn|2 for the interband transitions (1, 1), (2, 2),
(1, 2) and (2, 1) are shown in Fig. 4(b). As can be
seen by comparing Fig. 4(a) and Fig. 4(b), |Myy11 |2 and
|Myy22 |2 are significantly smaller than |Mxx11 |2 and |Mxx22 |2,
especially around the Γ point (kx, ky) = (0, 0). Such
6(I) (II)T/T∆
T/T∆
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FIG. 6: Electric-field modulation ∆T/T of the optical transmission of N -layer phosphorene (N = 2, 3, 4) for the AC (armchair)
and ZZ (zigzag) polarizations. Here the values of ∆T/T as indicated by the colorbar are given in percentage .
strong anisotropy arises from the unique lattice struc-
ture of phosphorene, where phosphorus atoms form a
puckered honeycomb lattice with very different electronic
behaviours along the x (armchair) and y (zigzag) direc-
tions. Moreover, |Myy11 |2 and |Myy22 |2 as well as |Myy12 |2
and |Myy21 |2 are almost unaffected by the applied electric
field and the field-induced charge screening. These re-
sults reflect well the highly optical anisotropy of bilayer
phosphorene.
In Fig. 5, we show the real parts of the interband opti-
cal conductivities Reσxx and Reσyy of trilayer phospho-
rene in the absence/presence of a perpendicular electric
field and without/with the field-induced screening. As
can be seen, there are more absorption peaks in the con-
ductivity spectrum of trilayer phosphorene when com-
pared to that of bilayer phosphorene shown in Fig. 3.
This is because the confinement energy is smaller and
there are more discrete subbands in both the conduction
and valence bands due to the increased number of stack-
ing layers. Here we identify in the conductivity spectrum
of trilayer phosphorene the interband transition chan-
nels (1, 1), (2, 2), (3, 3) in the absence of the electric field
and the field-induced channels (1, 2), (2, 1), (1, 3), (3, 1),
(2, 3), (3, 2) in the presence of the electric field. The
absence/presence of these interband transition channels,
together with the decrease/increase of their magnitudes,
can also be understood in terms of the interband mo-
mentum matrix elements of trilayer phosphorene, as done
previously for bilayer phosphorene.
V. ELECTRIC-FIELD MODULATION
The electric-field modulation of the optical properties
of few-layer phosphorene is investigated. This electro-
optic modulation is broadly used to measure the change
in the optical coefficients (such as the optical absorption,
reflection and transmission) of a material sample due to
the application of an external electric field. For thin-
layer samples fabricated from e.g. 2D materials, a higher
precision of such modulation is obtained by using optical
transmission experiments. The reflection and transmis-
sion coefficients of polarized light through a thin-layer
sample can be obtained by solving the Maxwell equa-
tions with appropriate boundary conditions for electro-
magnetic fields [23]. For the case of normal incidence,
7the optical transmission coefficient is given by [23]
T (ω) =
√
2
1
4(10)
2
|(√12 + 1)0 +√1Reσ(ω)/c|2 (3)
where 0 is the permittivity of vacuum, 1 and 2 are the
relative permittivities of media on the top and bottom
of a thin-layer sample, and c is the speed of light in vac-
uum. In the present work, we take 1 = 2 = 1 which
models a free-standing sample. The electric-field modu-
lation strength of the optical transmission is defined as
∆T/T =
[
TF (ω) − T0(ω)
]
/T0(ω), with the subscripts F
and 0 referring to the presence and absence of an exter-
nally applied field, respectively.
In Fig. 6, we show the electric-field modulation
strengths ∆T/T of the optical transmission of N -layer
phosphorene (N = 2, 3, 4) for the armchair (x) and zigzag
(y) polarizations, denoted by AC and ZZ, respectively.
Here the values of ∆T/T as indicated in the colorbar
are given in percentage. As can be seen, ∆T/T is much
larger for the AC polarization than for the ZZ polariza-
tion, which indicates that the field modulation strength
for the ZZ polarization is negligibly small. For both the
AC and ZZ polarizations, ∆T/T oscillates as a function
of the photon energy, with signs changed between neg-
ative (blue color) and positive (red color). And both of
them can be divided into different regions with negative
and positive values. For illustration purposes, two dis-
tinct regions are labeled by (I) and (II) in the far-top-left
panel of Fig. 6. By analysing the field dependence of the
interband optical conductivity of bilayer phosphorene, we
find that the four different regions are induced by differ-
ent interband transitions. For instance, a positive value
of ∆T/T in region (I) is mainly induced by the interband
transition (1, 1), while a negative value of ∆T/T in re-
gion (II) is mainly induced by the interband transition
(2, 1). This is because the momentum matrix element
of the zero-field interband transition (1, 1) [(2, 1)] can be
reduced (enhanced) by applying a perpendicular field,
as described before, and consequently the correspond-
ing optical transmission can be enhanced (reduced) by
the applied field, thereby leading to a positive (negative)
value of the field modulation strength. Notice that the
field modulation for the AC polarization becomes more
efficient with increasing number of phosphorene layers,
as seen by comparing ∆T/T for the cases of N = 2, 3, 4.
This is reflected by the fact that the modulation strength
becomes larger and the modulation range becomes wider.
For instance, the absolute value of ∆T/T increases from
3.85% in the two-layer case to 4.91% in the four-layer
case, and the energy range of ∆T/T extends from 1−3
eV in the two-layer case to 0−3 eV in the four-layer case.
Our numerical results indicate that with increasing field
strength from 0 to 1.5 V/nm, four-layer phosphorene un-
dergoes a semiconductor-to-semimetal transition, leading
to a zero band gap in the band structure. Furthermore,
we find that the field modulation strength in the presence
of the field-induced charge screening is smaller when com-
pared to that in the absence of the field-induced charge
(a)
(b)
(c)
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FIG. 7: Modulation strength ∆T/T of p-doped 7-layer phos-
phorene with a hole density of 5 × 1012 cm−2 for opposite
directional electric fields (±F0): (a) F0 = 0.1 V/nm in the ab-
sence/presence of Vs(z) for the AC polarization; (b) F0 = 0.2
V/nm in the absence/presence of Vs(z) for the AC polariza-
tion; (c) F0 = 0.2 V/nm in the absence/presence of Vs(z) for
the ZZ polarization. Here the results are shown in the pres-
ence of the field-induced charge screening and the values of
∆T/T for the ZZ polarization are enlarged by a factor of 100
for better visualization.
screening. This is because the strength of the applied
field is reduced by the field-induced charge screening.
Recent experiments reported the electric-field modu-
lation of the linear dichroism of few-layer phosphorene
[18, 19]. In agreement with our theoretical results shown
in Fig. 6, they found that (i) the field modulation oscil-
lates significantly with positive and negative values as
a function of the photon energy for the AC polariza-
tion, and (ii) the modulation strength is negligibly small
(almost no modulation within experimental resolution)
for the ZZ polarization. Moreover, as observed in the
experiment [18, 19], the modulation strength for oppo-
site electric-field directions exhibits an asymmetry with
respect to the zero electric field (or zero gate voltage),
which was explained by the presence of a small built-in
electric field at zero gate voltage due to the substrate-
induced hole doping in realistic few-layer phosphorene
samples. Motivated by this, we calculate the modula-
tion strength of a 7-layer phosphorene sample (corre-
sponding to the layer thickness of 3.5 nm as determined
in the experiment [19]) with an assumed hole density
of nh = 5 × 1012 cm−2 for opposite electric-field direc-
8tions. In order to simulate the substrate-induced poten-
tial, we also assume a substrate-induced charge distribu-
tion, which is given by ρ(z) = nsδ(z) with ns = nh due
to the charge neutrality condition. By solving the Pois-
son equation d2Vs(z)/dz
2 = e2ρ(z)/(0κ), the substrate-
induced potential Vs(z) can be obtained. Here κ is the di-
electric constant of few-layer phosphorene which we take
κ = 6 for 7-layer phosphorene, which is close to the values
obtained by DFT calculations [24]. The calculation re-
sults are shown in Fig. 7. As can be seen, the modulation
strength indeed exhibits an asymmetry for opposite field
directions in the presence of the substrate-induced poten-
tial (full curves), and the magnitude of this asymmetry
becomes more pronounced with increasing field strength.
However, in the absence of the substrate-induced po-
tential (dashed curves), the modulation asymmetry be-
tween opposite field directions disappears, as intuitively
expected. This is not surprising because the effective
field strength becomes F0+F1(z) [F0−F1(z)] for the one
(other) field direction with F1(z) being the built-in field
due to the substrate potential Vs(z). Furthermore, the
field modulation asymmetry is much larger for the AC
polarization than for the ZZ polarization, which agrees
with the experiment [18, 19].
VI. FARADAY ROTATION
When shining a beam of light on an optical medium in
the presence of a magnetic field, the light polarization can
be rotated in two different configurations, i.e., the Kerr
rotation when reflected at the surface of the medium and
the Faraday rotation when transmitted through the in-
terior of the medium. These rotations are a direct conse-
quence of the optical Hall effect arising from the carrier-
photon interaction in the presence of an external mag-
netic field. The optical Hall effect (e.g. the Faraday ro-
tation) has been explored in ordinary and graphene quan-
tum Hall systems [25, 26]. Here we show the the Faraday
rotation in few-layer phosphorene in the absence of an ex-
ternal magnetic field. This is motivated by the fact that
few-layer phosphorene has a reduced lattice symmetry
due to its puckered lattice structure.
In Fig. 8, we show the real-part optical Hall conduc-
tivity Reσxy of few-layer phosphorene: (a) Effect of the
field-induced charge screening for the field strength of
F0 = 1 V/nm in trilayer phosphorene; (b) Dependence
on the field strength F0 with the screeening effect in tri-
layer phosphorene; (c) Dependence on the number of
layers with the screeening effect for the field strength
of F0 = 1 V/nm. As can be seen, Reσxy is greatly
influenced by the field-induced charge screening and is
strongly dependent on the field strength and on the layer
number. Interestingly, Reσxy has either positive or neg-
ative values depending on the optical frequency. Accord-
ing to the relation θF ' Reσxy/[(1 + nsub)c0] with θF
the Faraday rotation angle and nsub the refractive index
of the substrat [26], the frequency dependence of Reσxy
(a)
(b)
(c)
FIG. 8: Real parts of the interband optical Hall conductivities
Reσxy and Reσyx of N -layer phosphorene: (a) Effect of the
field-induced charge screening for the field strength of F0 = 1
V/nm in trilayer phosphorene; (b) Dependence on the field
strength F0 with the screening effect in trilayer phosphorene;
(c) Dependence on the layer number N with the screening
effect for the field strength of F0 = 1 V/nm.
indicates that the polarization of light can be rotated
in opposite directions by varying the frequency of light
when transmitted through few-layer phosphorene. No-
tice that the optical Hall conductivity is smaller than
its longitudinal counterpart by two orders of magnitude
(i.e., 100Reσxy ∼ Reσxx), which agrees with the results
obtained from DFT calculations for other 2D materi-
als such as GaS and GaSe multilayers [27]. The results
shown here, i.e., the strong dependence of the optical Hall
conductivity on the perpendicular electric field and on
the number of phosphorene layers, indicate that Faraday
rotation is not only electrically tunable but also layer-
thickness dependent.
VII. DISCUSSIONS AND CONCLUSIONS
Before closing this paper, we present the following ad-
ditional remarks:
(i) The results obtained for the optical properties of
few-layer phosphorene are generic for an arbitrary num-
ber of phosphorene layers. The main differences when
increasing the number of phosphorene layers are that the
cut-off absorption is red-shifted due to the reduced band
9gap, the number of absorption peaks increases due to
the appearance of more discrete subbands, and that the
electric-field modulation of optical absorption becomes
more pronounced.
(ii) The optical conductivity (2) is calculated on the
basis of single-particle states, implying that excitonic ef-
fects are neglected. Such many-body effects will result
in additional excitonic absorption peaks below the band
gap. However, the theoretical band gaps obtained by
the single-particle TB approch were shown to agree with
those obtained by the many-body DFT-GW method [21].
Moreover, recent experimental and theoretical studies of
the infrared absorption spectrum of few-layer phospho-
rene also indicated the validity of the single-particle ap-
proximation by comparing the experimental and theoret-
ical results of the optical absorption spectrum [28].
(iii) The present work considered both undoped and
doped few-layer phosphorene. It was shown [15] that
when the perpendicular electric field is produced by
only a top (bottom) gate, few-layer phosphorene will be-
come n-doped (p-doped) with a finite density of electrons
(holes) and as a consequence, the Fermi energy of the sys-
tem will fall into the conduction (valence) band instead
of being located within the band gap. In this situation,
both interband and intraband transitions will contribute
to the optical conductivity of few-layer phosphorene. The
intraband optical conductivity is expected to be different
for the n-doped and p-doped systems due to the electron-
hole asymmetry of few-layer phosphorene. Therefore, the
linear dichroism and the Faraday rotation induced by in-
traband transitions are expected to be different in the
n-doped and p-doped few-layer phosphorene systems.
(iv) We present now a direct comparison between the-
ory and the experiment of Ref. [18]. The device structure
fabricated in [18] consists of the active layer (few-layer
BP), the encapsulation layer (Al2O3), and the substrate
layer (SiO2). We denote dBP , dAl2O3 , and dSiO2 being
the thicknesses of the BP layer, the Al2O3 layer, and the
SiO2 layer, respectively. In the experiment [18] the thick-
nesses of the two dielectric layers were set to dAl2O3 = 10
nm and dSiO2 = 450 nm. For a given gate voltage
Vg applied to the device structure, the corresponding
electric field applied to the BP layer can approximately
be computed as F0 = VgAl2O3SiO2/(Al2O3SiO2dBP +
BP SiO2dAl2O3 + BP Al2O3dSiO2), with Al2O3 = 9.5,
BP = 8.3, and SiO2 = 3.9 being the dielectric constants
of the Al2O3 layer, the BP layer, and the SiO2 layer,
respectively. We consider a 17-layer BP sample in the
presence of opposite electric fields F0 = ±0.15 V/nm,
corresponding to the layer thickness of dBP = 9 nm and
the gate voltages of Vg = ±150 V in the experiment
[18]. We assume a substrate-induced hole doping with
a finite density of nh ∼ 1013 cm−2. Since the BP sam-
ple is p-doped due to the substrate-induced hole density,
the Fermi energy is located within the valence subbands
and thus both the interband and intraband transitions
will have to be included in the calculation of the opti-
cal conductivity [Eq. (2)]. Moreover, in the calculation
AC
FIG. 9: Theoretical (curves) and experimental (dots) modu-
lation strengths ∆T/T of a 17-layer phosphorene sample with
a substrate-induced hole density of nh ∼ 1013 cm−2 for dif-
ferent electric fields F0 = ±0.15 V/nm (corresponding to the
experimental gate voltages of Vg = ±150 V). The results are
shown for the AC polarization and the experiment data are
taken from [18].
the broadening factor appearing in Eq. (2) is taken as
η = 20 meV. We show in Fig. 9 the direct comparison
between theory and experiment for the AC polarization.
As can be seen, the modulation pattern agrees qualita-
tively with the experiment and the modulation strength
is of the same order of magnitude [18]. The quantita-
tive discrepancy can be due to the fact that additional
unknown experimental factors e.g. disorder and detailed
dielectric environment should be taken into account.
To conclude, we investigated theoretically the optical
properties of few-layer phosphorene in the presence of a
perpendicular electric field. By means of a self-consistent
TB approach combined with the standard Kubo formula,
we calculated the interband optical conductivity of bi-
ased few-layer phosphorene over a wide range of photon
energies covering the infrared-to-visible frequency range.
We found that (i) the interband optical conductiv-
ity shows a large linear dichroism that can be modu-
lated by the perpendicular electric field; (ii) the field-
induced charge screening plays a significant role in mod-
ulating the optical conductivity and the linear dichroism;
(iii) the conductivity spectrum shows distinct absorption
peaks due to the strong quantum confinement along the
out-of-plane direction and the field-induced forbidden-to-
allowed transitions; (iv) the field modulation strength of
the interband optical transmission oscillates as a function
of the photon energy, with negative and positive values
due to different interband optical transitions; (v) the field
modulation of the linear dichroism becomes more pro-
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nounced with increasing number of phosphorene layers;
and (vi) the modulation strength exhibits an asymmetry
for opposite field directions due to the substrate-induced
hole doping. We explained the optical absorption fea-
tures in terms of the optical selection rules related to
the parities (symmetries) of the electron and hole wave
functions, which are numerically reflected in the momen-
tum matrix elements of the interband optical transitions.
We also found that due to the reduced lattice symme-
try, the optical Hall effect such as the Faraday rotation
is present in few-layer phosphorene even in the absence
of an external magnetic field. The Faraday rotation is
greatly influenced by the field-induced charge screening
and is strongly dependent on the strength of perpendicu-
lar electric field and on the number of phosphorene layers.
Our theoretical results are relevant for electrically tun-
able linear dichroism and Faraday rotation in few-layer
phosphorene in the infrared-to-visible frequency range.
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